Several crystalline polymorphs have been discovered for picryl bromide. Among the several forces that control the formation of such polymorphs are the interactions among the nitro groups and phenyl rings of those crystals. Although there are >300 structures to be found in the Cambridge Structural Database displaying the nitro-phenyl interaction, nonetheless this interesting, and apparently important, interaction, seems not to have been discussed within any of the papers reporting the structures. In this article, quantum calculations are reported that assess the strength of these nitro-phenyl interactions within a crystal of picryl bromide. The rather flat molecules of picryl bromide are arranged in layered planes within the crystal, and we examine the attractive interactions that occur within a given plane, and between adjacent planes. Calculations of Hartree Fock and Møller Plesset perturbation theory carried to a second-order expansion are used. Both quantum mechanical approximations are implemented with 6 -31G* basis functions.
Several crystalline polymorphs have been discovered for picryl bromide. Among the several forces that control the formation of such polymorphs are the interactions among the nitro groups and phenyl rings of those crystals. Although there are >300 structures to be found in the Cambridge Structural Database displaying the nitro-phenyl interaction, nonetheless this interesting, and apparently important, interaction, seems not to have been discussed within any of the papers reporting the structures. In this article, quantum calculations are reported that assess the strength of these nitro-phenyl interactions within a crystal of picryl bromide. The rather flat molecules of picryl bromide are arranged in layered planes within the crystal, and we examine the attractive interactions that occur within a given plane, and between adjacent planes. Calculations of Hartree Fock and Møller Plesset perturbation theory carried to a second-order expansion are used. Both quantum mechanical approximations are implemented with 6 -31G* basis functions.
Hartree Fock ͉ Møller Plesset perturbation theory ͉ quantum mechanics A recent paper (1) reports the solution of the crystal structures for five polymorphs of picryl bromide, the molecule shown in Fig. 1 , an important chemical precursor for other energetic materials.
Inasmuch as differing polymorphs will in general have differing properties, as, for example, in the case of energetic materials properties relating to their stability and performance as explosives, it is of interest to examine the interactions that characterize the differing polymorphs. Among the various types of interactions discussed in ref. 1, which occur in the polymorphs of picryl bromide, one of the most important is the nitro-phenyl interactions that occur between adjacent planes in which the molecules lie. These layers are apparently held together in large part by just such interactions. Parrish et al. (1) indicate that such nitrophenyl interactions as those that occur in picryl bromide are quite common, appearing in Ͼ300 structures of the Cambridge Structural Database (CSD). Importantly, as they say ''molecules involving nitro groups . . . use such an interaction to assemble and stabilize themselves in the solid state. Nevertheless, this interesting interaction does not appear to have been discussed in the papers reporting their structures . . . '' This last remark lead to an investigation by quantum mechanics into the nature of the attractive energy associated with the nitro-phenyl interaction. Given the crystal structure of picryl bromide as obtained from ref. 1 (CSD ID code hapbr04m), calculations based on the relative positions of molecules within the crystal were carried out. The interactions between adjacent layers and also within a given layer were calculated. The results obtained for the case of picryl bromide are probably relevant to the Ͼ300 structures of the CSD with analogous nitro-phenyl interactions.
Results
All of the calculations are based on the atomic coordinates obtained from the x-ray crystal structure of the picryl bromide molecule shown in Fig. 1 . The crystal structure is shown in Fig.   2 and displays two adjacent layers of picryl bromide molecules, in which three molecules from each of the infinitely extended layers may be seen. The three molecules belonging to the upper layer are labeled A, B, and C. The three molecules belonging to the lower layer are labeled 1, 2, and 3. Nitro groups may be seen rotated out of the plane of the molecular layers and apparently interacting with the centroid of the phenyl groups in the adjacent layer.
In Fig. 3A the interaction between pairs of molecules in adjacent layers is shown in the form of a sketch. Again, a nitro group is indicated that is rotated out of the molecular plane having an oxygen atom perched above the centroid of the phenyl group in the adjacent layer. The interaction of this nitro group with the centroid of the phenyl group just below it, is emphasized in the sketch of Fig. 3B . Analogous in-plane interactions, i.e., between molecules and between a nitro group and a full molecule, are shown in sketch form in Fig. 3 C and D, respectively. The calculations that have been carried out examine all four of the interactions that are pictured in Fig. 3 . Table 1 lists the results of the Hartree Fock (HF) calculations. Table 1 is divided into four parts (A-D) that correspond to the four types of interactions that are pictured in Fig. 3 . Thus section A in Table 1 corresponds to Fig. 3A , etc. Table 1 shows the total energy for the two interacting molecules, the energies for the separate (and thus noninteracting) molecules, the interaction energy between the molecules in atomic units, and the same interaction energy in units of kcal/mol. The definition of the interaction energy between any pair of molecules is calculated as:
where the subscript indices name the molecules in question, I ij is the pair interaction energy, E ij is the energy of an interacting pair of molecules, and E i and E j are each the energies of a single molecule. The sign of the interaction energy, I ij , indicates whether the kernels i and j attract (negative I) or repel (positive I). Table 2 lists the results of calculations of the Møller Plesset (MP) perturbation theory carried to a second-order expansion (MP2). Table 2 is arranged in a same way as Table 1 . The difference between the two is that Table 1 contains HF results  and Table 2 contains MP2 results.
We discuss the HF results, first. In Table 1 , the interaction energy between molecules in adjacent planes is given as Ϫ3.78 kcal/mol. Thus the two molecules attract one another. The interaction between a nitro group and a picryl bromide molecule in an adjacent layer is calculated to be Ϫ2.44 kcal/mol, indicating again an attractive interaction. The analogous in-plane results, give calculated values of Ϫ2.51 kcal/mol for both the betweenmolecule interaction and that between the nitro group and a Ϫ204.5409 au I 1-NO2 (2) Ϫ0.0040 au I 1-NO2 (2) Ϫ2.51 kcal/mol
The sections (A-D) correspond to the four types of interactions that are pictured in Fig. 3 . In each section, the first row lists the total energy for the two interacting molecules, the second and third rows list the energies for the separate (and thus noninteracting) molecules, the fourth row gives the interaction energy between the molecules in atomic units, and the fifth row gives the same interaction energy in kcal/mol. picryl bromide molecule. The magnitude of attractive interactions between molecules of adjacent planes are greater than those within a plane (3.7 Ͼ 2.51). But, the magnitude of attractive interactions for a nitro group to a molecule in an adjacent plane is slightly less than the analogous interaction within a plane (2.44 Ͻ 2.51).
We discuss now the MP2 results. In Table 2 , the interaction energy between molecules in adjacent planes is given as Ϫ12.05 kcal/mol. Thus, as with the HF results, the two molecules attract one another, but very much more strongly. The interaction between a nitro group and a picryl bromide molecule in an adjacent layer is calculated to be Ϫ4.31 kcal/mol, indicating again an attractive interaction, but almost twice the magnitude of the corresponding HF result. The analogous in-plane results give calculated values of Ϫ5.74 and Ϫ5.10 kcal/mol for the betweenmolecule interaction and that between the nitro group and a picryl bromide molecule, respectively. The magnitude of attractive interactions between molecules of adjacent planes are, relative to the HF case, much greater than those within a plane (12.05 Ͼ 5.74). But, as with the HF result, the magnitude of attractive interactions for a nitro group to a picryl bromide molecule in an adjacent plane is slightly less than the analogous interaction within a plane (4.31 Ͻ 5.10).
Discussion and Conclusions
The HF and MP2 results agree qualitatively in assessing the attractive molecular interaction between adjacent planes as greater than that within one same plane. Quantitatively, however, the difference in the magnitude of those interactions is very much greater in MP2 than HF (7.31 Ͼ 1.27). The HF and MP2 results also agree qualitatively in assessing, perhaps surprisingly, that the attractive molecular interaction between a nitro group and a picryl bromide molecule is greater within one same plane, rather than between adjacent planes. But as before, quantitatively the difference in the magnitude of those interactions is very much greater in MP2 than HF (0.79 Ͼ 0.07). It is interesting that the HF and MP2 results, very roughly agree in a qualitative way, but that the effects of correlation energy, which would be accounted for to a considerable extent in the MP2 results, make the same results appear to be quantitatively, quite different. For example, the attractive interaction energy between molecules in adjacent planes (compare sections A of Tables 1 and 2 ) is more than three times as great in MP2 versus HF.
Following Parrish et al. (1), we have taken notice of the great number of papers referenced in the CSD in which crystal structures display interactions between a nitro group and the centroid of a phenyl group in an adjacent layer, in a manner perfectly analogous to the case of picryl bromide studied here. Whereas none of these structural papers have commented on the nature of such interactions, we can assert, as a result of quantum calculations, something about the strength of these interactions, in accordance with the results of our more accurate calculations, i.e., MP2. It occurs therefore that the attractive interaction between picryl bromide molecules in adjacent layers is more than twice that of such molecules in the same layer. Moreover, the contribution to these interactions, from a single nitro-group and a companion picryl bromide molecule, is such as to contribute about one-third of the interaction between adjacent planes, but closer to the entire smaller interaction within the same plane. It is hoped that this quantitative assessment of the various interactions of picryl bromide molecules based on one of its crystal structures will prove useful to considerations regarding the forces that guide formation of its polymorphs and those of polymorphs in analogous molecules.
Methods of Calculation
There are two quantum methodologies used in this article to obtain approximate solutions to the Schrö dinger equation for the picryl bromide molecule. They are the HF approximation (2-4) and MP2 (5-11). These are well known approximations in quantum chemistry, and we describe them only in briefest terms.
The HF method is perhaps the best known and most frequently used type of ab initio quantum calculation. The HF wave function is a Slater determinant of orthonormal molecular orbitals whose molecular energy is a minimum. From this extremum condition the HF integro-differential equations follow. The HF Hamiltonian is a function of its own orbital solutions, and the HF equations must be solved self consistently. The equations are complicated by containing a potential that is nonlocal. The energy error that is inherent to the independent particle HFequations is called the correlation energy error, which in absolute terms is quite small, although nonetheless important. Most other chemistry models can be understood by their comparison to the HF model physical picture and level of accuracy.
The MP perturbation theory defines the unperturbed molecular problem in terms of the self consistent field (SCF) HF Hamiltonian. The wave function and energy are then developed in a power series in a perturbation parameter whose variation, in the range zero to one, connects the independent particle HF model to the fully correlated system. Importantly, the first-order correction to the energy and electron density vanishes. The power series is truncated at various levels of accuracy, termed MP2 at second order, MP3 at third order, etc. Molecular geometries are seldom determined beyond the MP2 level of accuracy. The correlation energy is sometimes carried up to the MP4 level of accuracy, but is more frequently calculated at the MP2 geometry, for reasons of computational efficiency. The MP perturbation theory is a robust and useful way to go beyond the HF model, and thus include correlation effects in the calculation of molecular energy.
The basis functions used to represent, in a linear expansion, the molecular orbitals in both the HF and MP2 methods are a set of Gaussian functions called 6 -31-G* (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The elemental atom-centered basis functions have the form:
where x, y, z are the local (atom-centered) Cartesian coordinates, l, m, and n are positive integers chosen to describe the angular momentum of the orbital, Ϫ205.1056 au I 1-NO2 (2) Ϫ0.0081au
Ϫ5.08 kcal/mol
The sections (A-D) correspond to the four types of interactions that are pictured in Fig. 3 . In each section, the first row lists the total energy for the two interacting molecules, the second and third rows list the energies for the separate (and thus noninteracting) molecules, the fourth row gives the interaction energy between the molecules in atomic units, and the fifth row gives the same interaction energy in kcal/mol. and r is the radial distance to the atomic center. A contracted Gaussian basis function is a linear combination of Gaussian type orbitals (GTOs) with fixed weighting coefficients. Gaussian basis functions allow evaluation of energy integrals in closed analytical form and for that reason are by far the most widely used. The study here is confined to the use of Gaussian basis functions. The 6 -31G* basis is an example of a split-valence double-zeta plus polarization basis set. The symbolism is such that the asterisk indicates that polarization functions are contained in the basis, the core orbital is a contraction of six Gaussian orbitals, and of the two valence orbitals, one is a contraction of three Gaussians and one is a single Gaussian. These are implemented by the computer program GAUSSIAN, which was used to solve the Schrö dinger equation in both of the above-mentioned approximations. The molecular orbitals obtained are assumed to become more accurate with an ever-increasing approach to completeness. Although not a complete basis, 6 -31-G* is regarded as a moderately good basis capable of giving good results for the molecular energy of molecules similar to that considered here.
